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Abstract.  The Physics of the Accelerating Universe (PAU) Survey, gesrried out
by several Spanish institutions, willimage an area of 100-¢juare degrees in 6 broad
and 40 narrow band optical filters. The team is building a canilfAUCam) with 18
CCDs, which will be installed in the 4 meter William Herschielescope at La Palmain
2013. The narrow band filters will each cover 1004, with thiespanning 4500-8500A.
The broad band set will consist of standagtiZy filters. The narrow band filters will
provide low-resolution (R50) photometric "spectra” for all objects observed in the
survey, which will reach a depth 6f24 mag in the broad bands ar@2.5 mag (AB)

in the narrow bands. Such precision will allow for galaxy f@metric redshift errors
of 0.0035(%z), which will facilitate the measurement of cosmologicatgmeters with
precision comparable to much larger spectroscopic ancptettic surveys. Accurate
photometric calibration of the PAU data is vital to the syrfgecience goals, and is not
straightforward due to the large and unusual filter set. WWen@uthe data management
pipelines being developed for the survey, both for nightliad-eduction and coaddition
of multiple epochs, with emphasis on the photometric catibn strategies. We also
describe the tools we are developing to test the qualityeféduction and calibration.

1. ThePAU Survey

The Physics of the Accelerating Universe (PAU) Sufvsya narrow-band survey set to
begin in 2013. The main science goals of the project are tlydtuge scale structure up
to redshift~1.4 by making precision measurements of the clustering lafgss. The
survey will include 6 broad band filtersgriZy) and 40 100A-wide narrow band filters
from 4500A to 8500A (see Figure 1), which will enable the mueement of galaxies’
redshifts with a precision of 0.0035(%) (an order of magnitude better than what is
possible with broad band photometric data alone). Thisgrhetric redshift precision
corresponds to a line-of-sight distance of 12.5 Npat a redshift of 0.5, allowing for
the study of galaxy clustering in three dimensions at thgtlescales of linear structure
growth. The main cosmology probes in the PAU Survey will be shudy of redshift

Ihttpy/www.pausurvey.org
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Figure 1.  Wavelength ranges of the PAU filters, arbitraritymalized.

space distortions and weak lensing, for which precise tdaleasurements for large
numbers of galaxies is imperative. For more details on tfense enabled by this type
of data set, see Gaztafiaga et al. (2012). The survey plarsvés 100-200 square
degrees using the PAUCam camera, which is currently undestiaetion and will be
mounted at the prime focus of the 4.2 meter William Herscleéé3cope (WHT) at the
Roque de los Muchachos Observatory on the island of La Palma

PAUCam (Casas et al. 2011) includes 18 CCDs, each with 20386 pixels of
15u size. Each pixel subtends 0.26 arc seconds on the sky. Thes@@Daid out as
shown in Figure 2, which also indicates that the field of vidfWwPAUCam subtends
one square degree. The field of view of the WHT is partiallyneiged; the central 8
CCDs are mainly unvignetted, as 90% of the light is transditit the radius enclosing
40'. The field is 50% vignetted at the radius enclosifig Because of this vignetting,
and because the telescope optics generate distortions outhr regions of the field of
view, we consider data from the central 8 CCDs as forming thmrhody of the PAU
data set.

PAUCam will have multiple filter trays, arranged such thag difter covers each
CCD. These filters will be housed in a jukebox-like systendi@she cryostat, enabling
the filters to be placed a few millimeters in front of the CCI@®vering the 8 central
CCDs with 40 narrow band 6 broad band filters will require at least 6 filter trays.

PAU will form a powerful compromise between the redshiftaecy of a spectro-
scopic survey and the completeness dfidiency of an imaging survey. The photomet-

httpy/www.ing.iac.egAstronomytelescopesvht/



Figure 2.  Layout of the 18 CCDs on PAUCam, with the size of thklfof view
superimposed.
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ric redshift quality will enable precise analyses of galakystering, without the need
to impose strict selection criteria as is needed in typipaiciroscopic projects. The
success of the survey'’s science goals depends on the agaméprecision of the red-
shift measurements. Because photometric redshifts agendieted from galaxy colors,
their quality is directly linked to the photometric calitican of the data. It is therefore
imperative that the PAU Survey data are carefully calilstatnd that we thoroughly
test the data reduction and calibration with realistic $ations.

2. PAU Data Management

The flow of data through the PAU data management pipelinebds/s in Figure 3.
The process begins with the arrival of data, or (as is the watlecommissioning of the
camera in 2013) with images produced by the Pixel Simulaiipeline. The raw data,
real or simulated, are then given to the Nightly Processipglime, which produces
level 1 products: clean images that are saved in storageplgjedt catalogs that are
ingested into our database.

After the survey has observed forfBaient time to obtain multiple images over
the same sky area in all of the PAU filters, the Multi-Epoch khdti-Band (MEMBA)
pipeline is run to coadd overlapping image data and measwtometry to the full
depth of the available data. The level 2 products produceth®yMEMBA pipeline
consist of coadded images and final object catalogs, wittconined flux measure-
ment per object per filter. These products are saved in ®@ad the database, as with
the level 1 products.

After the Nightly or MEMBA pipelines are run, the results ateecked using the
Analysis pipeline, which ensures that the data quality fEcant to be used for science.

The PAU data management pipelines are implemented at thedPaiormacio
Cientfica (PIC§, which provides hardware and software support in the devesmt,
implementation, and execution of the pipelines, storagd,database.

2.1. Nightly Processing

The Nightly Processing pipeline is outlined in Figure 4.oltdws standard data reduc-
tion techniques, and liberally uses publicly availablergstatic softwaré written by
Emmanuel Bertin.

Raw image data from the telescope or Pixel Simulation pipedire in the format
of one FITS file per exposure, with one extension per amplifiet amplifiers on each
of 18 CCDs= 72 extensions). The four amplifier images per CCD are cardday their
different gains, overscan corrected, and bias subtracted. &tHieRl input images are
iteratively clipped to identify pixels with atypical respge, which are added to a bad
pixel mask. Cosmic rays are identified using the algorithi. ICosmic (van Dokkum
2001). Saturated pixels are identified and added to the nidskdata are flat fielded
to produce a clean image. The four amplifier regions per C@&jained together to
reconstruct one image per CCD. The resulting clean “scféntage has 18 extensions,

Shttpy/www.pic.es

“httpy/www.astromatic.net
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and is accompanied by a mask and a weight map (which is givéhebijat field, with
bad pixels down-weighted by a large factor).

A high signal to noise detection catalog is extracted fromdtience image using
SExtractor (Bertin & Arnouts 1996). This catalog is used &fcalate an astrometric
solution for the image using SCAMP (Bertin 2006), and alschiaracterize the image’s
point spread function (PSF) using PSFEXx (Bertin 2011).

Using the astrometric solution and PSF model, SExtractomisigain with a lower
signal to noise threshold to obtain the final detectionslegtaThe photometric cali-
bration is derived using this catalog, as described in@e&il.1. The final detections
catalog and the photometric zero points are ingested irtalétabase. The cleaned
science image is saved in storage, along with its correspgndask and weight map.

As afinal step in the Nightly Processing pipeline, the clédmeages are remapped
onto a fixed grid on the sky. The sky is divided into Fields feawe square degree, with
remapped pixels the same size as the raw data pixels (0.E@&th cleaned image is
remapped into one or more “Tile” images, with one remappéel génerated for each
Field that the cleaned image overlaps. These remapped Séle®g as inputs to the
MEMBA pipeline.

2.1.1. Nightly Pipeline Calibration

Because the PAU filter system is unique, calibrating PAU datag existing surveys is
not straightforward. The PAU Survey footprint will be coedrby existing broadband
surveys such as SD88r CFHTLen§, which provide photometry ingriz filters. The
Nightly Processing pipeline calibration strategy is towa these public broadband
measurements into the PAU photometric system, to createndatd catalog of main
sequence stars in PAU's 46 filters.

The “main sequence” refers to stars, fueled by hydrogeroifuat their core, that
are in hydrostatic equilibrium. The colors of these staesmaainly determined by their
mass, with small corrections due to othéieets such as variations in metallicity. The
colors of main sequence stars inhabit a compact region ar sphce, as they are close
to those of black bodies. In particular, main sequence sfagiven spectral type have
very similar spectra. Pickles (1998) has compiled a libidrgomposite stellar spectra,
combining data from dierent objects of the same spectral type in the wavelengtferan
of 1150-25000A. He notes that the RMS of the input spectrh@&ame spectral type
is on the order of only 1-2%.

We use the spectral template library presented in Picki@d8)ito infer fluxes in
the PAU filter system given measurements in broad band filtergparticular, in the
case of overlap with SDSS, we convolve the stellar templpéetsa with the SDSS
filter curves to generate SDSS-like colors of the templdeaty. In the field of view
of the given PAU exposure, we then query the SDSS databaseefbmeasured stars.
Each SDSS star is matched against the SDSS-like colors aptetral library to find
a best-fit stellar template spectrum. The best-fit stellacspm is then convolved with
the 46 PAU filter curves to generate magnitudes of the statlseiiPAU photometric
system. This standard star catalog is then used to cal@ufgttetometric zero point for
each CCD on the focal plane.

Shttpy/www.sdss.org

Shttpy/www.cfhtlens.org



Advantages of this calibration method include the fact enatandard star cata-
log is generated including magnitudes in all filters, anddf@e each CCD’s data are
compared independently to the catalog. This independehtieeccalibration across
CCDs minimizes the correlation of photometric errors betvdiferent CCDs on the
same exposure. Calibration errors that are correlatedsdthe focal plane would lead
to spatially correlated errors in galaxy color measures)emhich would in turn cause
spatially correlated photometric redshift errors that ldalegrade the galaxy cluster-
ing science analyses. Furthermore, since we can compamathdtself to standard
measurements (rather than relying on standard star fiekkadd periodically during
the night), we do not require the data to be photometric iriofdr the calibration to
be accurate. The main source of systematic error in this edethinaccuracy in or
poor matching with the stellar spectral templates. Giver the templates have been
seen to be stable to 1-2%, and we expect on the ordersf stars matching with a
standard survey on each chip, we do not expect templateséorbe a dominant source
of error in the PAU photometry. We plan to test this expeotain detail using the Pixel
Simulations, which are described below.

Because the PAU filter system includes broad bagd, which will be present
in the survey that will serve as our calibration standard,case calculate broad band
zero points by simply comparing our data to the standardestgvapplying color terms
which we expect to be minor and which we can quantify durirgdbmmissioning of
the camera. A broad band zero point calculated in this macenrebe extrapolated to
find zero points for narrow band data from the same exposurssyming the wave-
length dependence of atmospheric extinction. The wavdiedgpendence has been
calculated for the Roque de los Muchachos Observataighough this calculation
does not include the variabldfects of water vapor that cause significant extinction
in the redder bands. More detailed dependencies can be edpdet example using
MODTRANS, although at this time we do not plan to incorporate such nsodethe
PAU photometric calibrations. Given a model of the wavethrdgpendence of extinc-
tion, we can calculate the narrow band filters’ zero poirdafthose of the broad bands
without relying on the use of a stellar spectral templatealin We expect the resulting
zero points to have a larger error than those calculatedyusin primary calibration
technique, since the stellar spectral templates are mesgr than the atmospheric
extinction curve calculated by the Observatory. Stillsttdichnique serves as a consis-
tency check of the calibration, helping to identify potahBystematic errors.

2.2. Multi-Epoch Processing

The flow of the Multi-Epoch Multi-Band (MEMBA) pipeline is siwn in Figure 5.
Broad band data from the central eight CCDs are PSF homaagkaizd coadded, us-
ing SWarp (Bertin et al. 2002), to obtain a deep image for thegse of detecting
objects. This deep image is used in the dual-detection mb8&xtractor, where ob-
jects are detected on the deep “detection” image but theiiflmeasured on afierent
“measurement” image. For data taken with the central 8 C@as¢leaned remapped
images in each band (created during the nightly processirggtoadded to create one
measurement image in each of the 46 filters. The boundary @&seated dierently

"httpy/www.ing.iac.egAstronomyobservingmanualgpstech noteg¢tn031. pdf

8httpy/www.modtran5.corh
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Figure 5.  Flow chart of the PAU multi-epoch pipeline.

from the central 8; the outer regions of the focal planfesifrom vignetting and PSF
distortions that would compromise the quality of a coaddeage. We therefore use in-
dividual cleaned, remapped images from the boundary CCDseasurement images,
and combine the flux measurements with those from the coatitechl 8 CCDs at the
catalog level.

2.2.1. Multi-Epoch Calibration

The PAU Survey will observe its footprint at least twice irckdilter. We can use
the increased statistics given by multiple observationsnfarove upon the quality of
the Nightly Processing pipeline calibration. In particulave solve for a zero point
for each image that minimizes the photometritset between dlierent observations
over the same area, in the same filter. We follow the Uibdnedlon procedure used in
SDSS (Padmanabhan et al. 2008) and other recent surveysP@gSTARRS; High
et al. 2009). The statistics of the calibration are also tyrdmproved over that of
the Nightly Processing pipeline if the Nightly calibratiases a standard survey that is
shallower than PAU, such as SDSS.

As input to the Uibercalibration we use magnitudes measumedsingle exposure
and calibrated in the Nightly Processing pipeline, as star¢he Detection table in our
database. These detections are matched by position, weitreiults of the matching
stored as Global Objects in the database, providing easyerefes to measurements
made of the same physical object iffdrent exposures. These multiple measurements,
in the same filter, are given as input to the Ubercalibratmrine. The output is a set
of zero points, one per image, which refine the zero pointsutatied in the Nightly
Processing pipeline. These zero points are used in continaith those from the
Nightly Processing pipeline to properly normalize and viatifpe images’ Tiles during
coaddition in the MEMBA pipeline.



The standard implementation of the tUbercalibration dedils only one filter's
data at a time. Zero point shifts imposed by this step, themuacorrelated across
the filters and may cause the colors of objects to become unaiec It is therefore
important to check the object colors and introduce furthéftsin the calibration zero
points to correct them if necessary. Our primary technigu® ido this by comparing
the measured stellar colors to those of main sequence itahg spirit of High et al.
(2009). We are also investigating the possibility of iriaigtupon proper colors of main
sequence stars while performing the Ubercalibratiorretheimposing extra constraints
on the zero points such that the resulting colors requiraurtbér shiftS.

2.3. Analysis Pipeline

The Analysis Pipeline is a tool to ensure that the data qualitets the requirements
necessary for science analyses. For the purposes of mpddivelopment using the
image simulations, it compares the pipeline outputs againih tables from which the

simulations were generated. For use with either simulatimndata, internal checks
such as astrometric and photometric homogeneity are madeelhas measurements
of detection completeness and purity against public seréegh as SDSS. The Anal-
ysis pipeline is currently used as a tool to evaluate imprams to the Nightly and

MEMBA pipelines, with the ultimate goal of validating th&igt data management fully
meets survey requirements.

2.4. Image Simulations

The Pixel Simulation pipeline is built around the softwateyi®@aker (Bertin 2009),
which takes input catalogs of stars and galaxies, and irdtbom about the survey cam-
era and telescope, and outputs FITS images of a simulatedfskghematic of this
pipeline is shown in Figure 6.

As an input galaxy catalog we use results of the MICE simoiéfi which is a
large cosmological N-body dark matter simulation that heenbpopulated with galax-
ies using a halo occupation distribution model. This procedesults in a galaxy cat-
alog with clustering properties that match those we expeset in the real data set.
Our use of the MICE catalogs as input allows us to run galangteting science anal-
yses on the output of the pipeline as run on the image sinoakgtiso that we can test
our entire set of data reduction and analysis software freginming to end, ensuring
that the data management is offizient quality to enable precision measurements of
cosmology.

The star catalog given to Skymaker is generated from threeces: very bright
stars (mags 15) are taken from the USNO-B1.0 catalog (Monet et al. 20f28hter
stars (mags 21) are taken from SDSS, and the faintest stars are genersiegl the
Besancon model of the Milky Way (Robin et al. 2003). In thianmer we include
stars at all magnitude ranges expected in the PAU Survdydimg bright stars in their
correct positions that can be used for astrometry when congpagainst reference
catalogs such as SDSS or USNO.

9Thank you to Lynne Jones and Tim Axelrod for the suggestion!
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The output of the Pixel Simulation pipeline is one FITS file pgposure, with 72
extensions as will exist in the PAU data. The pipeline alsmpces bias and flat field
images to be used as input to the Nightly Processing pipeline

3. Statusand Conclusion

To date, the pipelines described above are partially imptesd. The fundamentals of
the Nightly Processing pipeline are complete, able to ruh lbo PCs and in parallel
in the GRID framework at the PIC data center. The Pixel Sitimtapipeline is also
implemented, and is being used to test the Nightly pipelxseelements of the Nightly
pipeline are validated we are adding complexity to the imsigeulations (e.g. image
defects, PSF distortions) such that we develop the twoipg®in tandem in a manner
that is convenient for fully understanding and debuggirey dbftware. The MEMBA
pipeline is in development. The Analysis pipeline is pdigtiamnplemented, providing
diagnostic plots regarding the quality of the Nightly pipeloutput.

The photometric system of the PAU Survey is unique, combidit custom nar-
row band filters with 6 standard broad bands. This configumagillows for measure-
ments of the galaxy redshifts that are an order of magnitudee mprecise than those
measured using broad band data alone. These high-qualghifemeasurements en-
able galaxy clustering analyses that will allow the PAU ®yrio measure cosmological
parameters with a precision competitive with other mucbdasurveys.

In order for the PAU Survey to measure high-quality redshifs photometric cal-
ibration must be accurate and robust. We have describecathaeuction techniques
used in the PAU data management pipelines, with emphasikeophotometric cal-
ibrations. We have also described the testing of theseipgselising custom image
simulations based on N-body simulations, which allow fdidation of the software
all the way from the cleaning of the raw data, through botthtiygand multi-epoch
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processing and calibrations, to the final outputs of thensei@nalysis software. Using
these techniques we can best control the quality of the PAware, data products and
science results.
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